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INTRODUCTION

The NASA Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) (Green et al., 1998a) measures
spectra from 370 to 2500 nm with nominally 10-nm sampling and resolution. The spectra are acquired as
images with an 11 km width and up to 800 km length from the ER-2 platform or 2.1 km width and

160 km length from the Twin Otter platform. AVIRIS measurements are used for a range of Earth
science research and application objectives. The molecular absorption and particle scattering properties
expressed in the calibrated AVIRIS measurements are used. For both science research and application
objectives, calibration of the AVIRIS spectra is required to produce useful results. Each year prior to the
flight season AVIRIS is calibrated in the laboratory (Chrien et al., 1990, 1995, 1996, 2000). However,
the temperature, pressure, vibration, and observational geometry, as well as mechanical, electrical and
operational interfaces of the laboratory are different than the environment on board the airborne platform.
To validate the calibration of AVIRIS in the flight environment, an inflight calibration experiment is
orchestrated at the beginning of each flight season (Conel et al., 1988; Green et al., 1990, 1992, 1993,
1995, 1996, 1998b, 1999). In most years additional inflight calibration experiments occur towards the
middle and end of the flight season as well. For an inflight calibration experiment, AVIRIS acquires
airborne data over a designated calibration target. In concert with the airborne data acquisition, surface
and atmospheric properties at the calibration target are measured in situ. These in situ measurements are
used to constrain a radiative transfer code and predict the radiance incident at the AVIRIS instrument
from the calibration target. This prediction is compared with the AVIRIS-measured radiance to validate
the calibration of AVIRIS in the flight environment. Additional properties (such as the AVIRIS inflight
measurement precision) are determined as well. This paper presents measurements, analyses, and results
from the inflight calibration experiment held on the dry lake bed surface of Rogers Dry Lake, California,
on June 5, 2000.

IN SITU MEASUREMENTS

In order to predict the radiance at AVIRIS, in situ measurements of surface and atmospheric properties at
the time of the overflight are required. For the experiment of June 5, 2000, a calibration target was
designated on the surface of Rogers Dry Lake, California. Rogers Dry Lake is located on Edwards
Airforce Base about 120 km north of Los Angeles, California. The target was located near north latitude
34.985 and west longitude 117.833 and was selected as a visually homogeneous portion of dry lake bed
surface measuring 40 by 120 m. At each end of the calibration target, blue demarcation tarps were
position and staked to the surface. In the period from 30 minutes before to 30 minutes after the AVIRIS
over flight, surface reflectance measurements were acquired between the demarcation tarps. A portable
field spectrometer that covers the range from 350 nm to 2500 nm with approximately 10 nm resolution
and 1 nm sampling was used. The field of view of the spectrometer was 8 degrees or 14 cm diameter for
a 1-m observation distance. Sets of spectra were acquired along transects at 0, £10, and £20 m of the
central line between the demarcation tarps. At the beginning, middle, and end of each transect, a
reflectance standard was measured.

Following acquisition, the surface measurements were converted to surface reflectance using the
interspersed reflectance standard measurements. The absolute reflectance of the reflectance standard and
the corresponding bidirectional reflectance distribution function (BRDF) for the average 20-degree solar



zenith angle were used for this reflectance calculation. Figure 1 shows the calculated average reflectance
of the calibration target from the 890 surface measurements. Also shown is the standard deviation of the
measurements that is roughly +1 percent reflectance across the spectrum. The standard deviation of the
mean (Taylor, 1982) calculated as the standard deviation divided by the square root of the number of
samples is less than 0.1 percent across the spectrum. The statistical uncertainty in knowledge of the
average reflectance of the reflectance measurements of this calibration target is best characterized by the
standard deviation of the mean and is excellent based on the 890 measurements. This average surface
reflectance provides the basis for constraining the surface reflectance used in the radiative transfer code
prediction of the radiance incident at AVIRIS.
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Figure 1. Average, standard deviation, and standard deviation of the mean, for measured surface
reflectance at the time of the AVIRIS over flight of Rogers Dry Lake, California, on June 5, 2000.

In addition to surface reflectance, the atmospheric properties were measured at a site adjacent to the
surface calibration target. These atmospheric measurements were acquired by a sun-tracking solar
radiometer. The radiometer has 10 spectral channels located at 370, 400, 440, 520, 620, 670, 780, 870,
940, and 1030 nm in the solar reflected spectrum. This instrument records voltage output as a function of
time. On June 5, 2000 the solar radiometer was operated from 7:53 to 13:18 local time with
measurements every 5 minutes. Figure 2 shows the voltage output of the solar radiometer over this
period. The measurements are used to calculate the average optical depth of the atmosphere in each
channel (Liou, 1980). Also, with an absolute calibration estimate for the spectral channels, the
attenuation of the atmosphere for each measurement may be calculated. The calculated instantaneous
optical depths for this experiment are plotted in Figure 3. The optical depths at the time of the over flight
are required to constrain the radiative transfer code to predict radiance at AVIRIS.



Voltage (Digitized Numbers [DN])

60000.0

l AVIRIS
55000.0 +
—V_370
50000.0 + —V_400
V_440
200000 | | Y-8
: —V_670
350000 1 | v-/80
—V_870
30000.0 |- V_940
V_1030
25000.0
20000.0 : : : : : : :
6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
Time (h)

14.0

Figure 2. Measured voltages of the sun photometer for derivation of atmospheric optical depths at
designated wavelengths at Rogers Dry Lake, California, June 5, 2000.
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Figure 3. Derived instantaneous optical depths for the calibration experiment on June 5, 2000, at Rogers

Dry Lake, California.

In addition to determination of atmospheric optical depth, the sun tracking solar radiometer has a spectral
channel at 940 nm. This channel is centered in a moderately strong atmospheric water vapor absorption
band. With the voltage measurements over the range of air mass observations the water vapor abundance
may be calculated (Reagan et al., 1987; Bruegge et al., 1992). With an absolute calibration estimate for
the solar radiometer water vapor channel, the water vapor abundance may be calculated for each
measurement. Figure 4 shows the water vapor calculated over the period of measurements with a range



from 4.1 to 3.8 precipitable mm. A value of 3.9 mm is estimated for the time of the AVIRIS over flight.
This value, in conjunction with the surface reflectance and atmospheric optical depths, is the in situ
parameter required to constrain the radiative transfer code to predict the radiance at the AVIRIS
instrument.
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Figure 4. Derived instantaneous water vapor abundance from the 940-nm channel of the solar
radiometer data set.

AVIRIS MEASURED RADIANCE

The essential measurements of the calibration target for the inflight calibration experiment are data
acquired by AVIRIS onboard the ER-2 aircraft flying at 19.6 km altitude. The corresponding AVIRIS
image of Rogers Dry Lake, California, for these measurements is shown in Figure 5. The area of the
calibration target is towards the top center of the image. On the surface, blue demarcation tarps were
placed at either end of the calibration target. The spectral reflectance contrast between these tarps and the
surface allows unambiguous identification of the location of the calibration target. Figure 6 shows a
spectrum of the blue tarps and of the lake bed surface. A ratio of the 600 nm over the 450 nm AVIRIS
image generates low values for the tarp spectral signature in contrast to the lake bed reflectance. Figure 7
shows an extracted portion of this ratio image with the demarcation tarps clearly evident. The calibration
target is the lake bed surface between the tarps. The time of acquisition of this calibration target was
recorded in the AVIRIS ephemeris data stream as 18:39:43 UTC.



Figure 5. AVIRIS image of Rogers Dry Lake, California, acquired on June 5, 2000. (North is up.)
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Figure 6. Spectra of blue demarcation tarps used to identify the calibration target surface.



Figure 7. AVIRIS inflight calibration target on
the surface of Rogers Dry Lake, California, on
June 5, 2000.
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With the identification of the calibration target in the AVIRIS data set, the average spectrum for the target
is extracted. Figure 8 shows the extracted average uncalibrated data for calibration target. The total
signal, dark signal, and total minus dark signal are plotted. The dark is measured as the average of 64
spectra at the end of each scan line with the AVIRIS primary shutter closed. These uncalibrated data are
calibrated with the radiometric calibration coefficients and the spectral calibration file and data from the
AVIRIS onboard calibrator (Green et al., 1991; Green, 1993). Figure 9 shows the average calibrated
AVIRIS spectrum for the calibration target. This is the measured AVIRIS spectrum to be validated with
respected to the radiative transfer code predicted radiance for the calibration target.

2500

— Total
2000 -

—— Total-Dark

1500 -

1000 ~

Digitized Numbers (DN)

500 -

0 16 32 48 64 80 96 112 128 144 160 176 192 208 224
Channel (#)
Figure 8. AVIRIS average measured data for the calibration surface.
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Figure 9. AVIRIS calibrated radiance for the calibration surface with corrections of the onboard calibrator
(OBC).

MODTRAN PREDICTED RADIANCE

The radiance incident at the AVIRIS instrument is predicted with a radiative transfer code constrained by
the in situ surface and atmospheric measurements acquired at the calibration target site. The MODTRAN
radiative transfer code (Berk et al., 1989; Anderson et al., 1995, 2000) was used for the analysis.
MODTRAN constraint parameters were set for the time, location, and observation geometry of the
AVIRIS measurements based on ephemeris information. Through adjustment of the visibility parameter,
the mid-latitude summer atmospheric model was constrained to closely match the measured atmospheric
optical depths. A comparison between the measured optical depths and those of MODTRAN are shown
in Figure 10. This level of agreement was achieved with an atmospheric visibility of 150 km. Both the in
situ measured surface reflectance and water vapor abundance were included in the MODTRAN constraint
parameter. The amount of carbon dioxide in the MODTRAN model was adjusted to a 370 ppm mixing
ratio for the year 2000 (Keeling et al., 2001). Ozone was constrained by the total ozone mapping
spectrometer (TOMS) (McPeters, 2001) derived value of 310 dobsin units for June 5, 2000. With this
complete set of constraints, a predicted radiance spectrum was calculated at full MODTRAN spectral
resolution. This spectrum with a 1 wavenumber sampling interval and 2 wavenumber resolution is shown
in Figure 11. For comparison with AVIRIS, the high resolution output was convolved to the AVIRIS
spectral response functions determined in the laboratory. Figure 12 shows the resulting MODTRAN
predicted radiance for the calibration target on Rogers Dry Lake at 18:39:43 on June 5, 2000. This

predicted radiance spectrum forms the basis for validating the inflight calibration of AVIRIS for the 2000
flight season.
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Figure 10. In situ measured optical depths for the time of the AVIRIS over flight and corresponding
MODTRAN optical depths for a 150-km visibility mid-latitude summer atmosphere model.
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Figure 11. MODTRAN modeled radiance for the inflight calibration experiment calculated with in situ
constraints.
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Figure 12. MODTRAN-predicted radiance convolved to the AVIRIS spectral characteristics calculated
with in situ restraints.

COMPARISON ANALYSIS

With the AVIRIS measured spectrum and the MODTRAN predicted radiance spectrum, a simple
comparison analysis was performed to validate the calibration of AVIRIS in the flight environment.
Figure 13 shows a combined plot of the measured and predicted radiance spectra. The AVIRIS spectrum
has been calibrated with the laboratory-generated radiometric calibration coefficients and onboard
calibrator measurements. The MODTRAN spectrum was generated with the surface reflectance,
atmospheric optical depths, and water vapor abundance measured at the calibration target site. The
absolute average agreement between the AVIRIS and MODTRAN spectra is 96.2 percent. This
agreement is calculated excluding the regions of strong atmospheric absorption where the radiance levels
approach zero. A comparison ratio of these two spectra is shown in Figure 14. In several regions of the
spectrum there are areas of disagreement. These disagreements may result from either or both AVIRIS
and MODTRAN uncertainty factors. The slightly higher values of AVIRIS in the 400- to 700-nm region
of the spectrum are likely do to changes in the throughput performance of the first AVIRIS instrument
spectrometer. The sharp deviations near 760, 940, and 1150 nm probably relate to small shifts (on the
order of 1 nm) in the in flight spectral calibration of AVIRIS with respect to the spectral calibration of
AVIRIS in the laboratory. Other factors (such as the absolute calibration standards of AVIRIS and
changes in AVIRIS performance through time) may contribute to these absolute uncertainties. For
MODTRAN, factors (such as the solar irradiance and parameterization of the atmosphere) may contribute
to uncertainties. In addition, uncertainties in the in situ measurements and derived parameters will
contribute to uncertainty in the MODTRAN predicted radiance. However, the primary result of this
inflight calibration experiment is a baseline validation of AVIRIS inflight calibration at the 96 percent
level for the 2000 flight season.
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Figure 13. Comparison of the AVIRIS-measured radiance and the MODTRAN-predicted radiance from
the inflight calibration experiment on June 5, 2000.

2.0
1.8 1
1.6 1
1.4
1.2

Ratio

0.8 1
0.6
0.4
0.2 1

1.0 WMf A~ M

0.0

400.0

AVIRIS PRECISION

In addition to AVIRIS radiometric accuracy, knowledge of the inflight radiometric precision is often
required for both science research and application objectives. A measure of AVIRIS inflight precision is
provided by the dark signal data measured before and after acquisition of each spectral image data set.
The standard deviation of these dark signal data provide an estimate of the instrument noise. Figure 15
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Figure 14. Ratio of AVIRIS-measured to MODTRAN-predicted radiance.
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shows a plot of the AVIRIS noise calculated for the inflight calibration experiment data set acquired on
June 5, 2000. The AVIRIS channel at 655 nm was excessively noisy in 2000 and is not included in this
analysis. Across the spectrum from 400 to 1900 nm, the AVIRIS noise is quite uniform at about 0.7
digitized number (DN). Beyond 1900 the noise rises steadily to 1.4 in DN at 2500 nm. This increase in
noise due to the uncertainty in the radiance signal emitted by the AVIRIS spectrometer onto the detectors.
At these wavelengths the spectrometer is as significant source of dark signal radiance. AVIRIS
radiometric precision may be reported as the noise-equivalent-delta-radiance (NEdL). NEdL is calculated
by multiplying the noise in DN by the radiometric calibration coefficients. Figure 16 shows the NEdL for
the inflight calibration experiment on June 5, 2000, as well as inflight values from a 1999 data set. This is
the dark signal precision of AVIRIS in units of radiance and may be thought of as the precision-related
error bars for each spectrum for a dark target. Lower values of NEdL correspond to better precision and
better AVIRIS performance. The improvement of AVIRIS from 1999 to 2000 in NEdL is related to a
new detector array in the first spectrometer and general efforts towards signal-chain noise suppression
across the AVIRIS spectral range. As target brightness increases, the NEdL increases due to the statistical
uncertainty in the radiance signal incident at the AVIRIS instrument. The inflight NEdL for 2000 given
here provides a basis for comparison of AVIRIS performance from year to year as well as an estimate of
the radiance uncertainty in each AVIRIS spectrum due to noise.
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Figure 15. AVIRIS noise calculated from the dark signal for the inflight calibration experiment.
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Figure 16. Noise equivalent delta radiance for the inflight calibration experiment on June 5, 2000. The
corresponding values are given for 1999.

CONCLUSION

An AVIRIS inflight calibration experiment was orchestrated on June 5, 2000, at Rogers Dry Lake,
California. For this experiment, a visually homogeneous calibration target was designate on the dry
lakebed bed surface. Surface reflectance measurements were acquired by thoroughly sampling a 40- by
120-m area of the calibration target. The data were analyzed to produce an average reflectance spectrum
for the calibration target with compensation for surface BRDF and for the reflectance standard spectral
characteristics. Adjacent to the calibration target a solar radiometer was used to measure atmospheric
attenuation in 10 spectral channels from 370 to 1030 nm. These measurements were analyzed to derive
the atmospheric optical depth as well as the total column water vapor abundance at the time of the
AVIRIS overflight of the calibration target. A ratio of the 600-nm and 4450-nm AVIRIS images was
formed to locate the calibration target between the blue demarcation tarps in the AVIRIS data set. The
average AVIRIS spectrum of the calibration target was extracted and calibrated to radiance using the
laboratory-derived radiometric calibration coefficient and spectral calibration data. The measured in situ
surface and atmospheric measurements were used to constrain the MODTRAN radiative transfer code
and predict the radiance incident at the AVIRIS instrument. The AVIRIS-measured and MODTRAN-
predicted radiance spectra were compared and found to have a 96.2 percent absolute average agreement
exclusive of the strong atmospheric absorption regions. The regions of residual disagreement in the
spectral comparison are related to a number of factors. These include uncertainties in the AVIRIS
calibration standards, changes in AVIRIS performance, uncertainties in the underlying MODTRAN
parameters and calculation, as well as uncertainties in the surface and atmospheric measurements and
analyses. Research is ongoing to identify, assess, and improve the residual uncertainty in these factors
that effect the inflight calibration experiment results. In addition to radiometric accuracy, the inflight
radiometric precision was calculated and reported as the dark signal NEdL of AVIRIS in 2000.
Comparison with the 1999 NEdL showed marked improvement in the range from 400 to 700 nm, as well
as modest improvement across the spectrum. The measurements, analyses, and results reported here
provide the core validation of AVIRIS inflight performance for the 2000 flight season. Assessment and



validation of AVIRIS performance in the flight environment is essential because data sets acquired for
scientific research and application objectives are only acquired in the flight environment.

REFERENCES

Anderson, G. P., J. Wang, and J. Chetwynd, “An Update and Recent Validations Against Airborne High
Resolution Interferometer Measurements,” Summaries of the Fifth Annual JPL Airborne Earth Science
Workshop, JPL 95-1, Vol. 1, AVIRIS Workshop, Jet Propulsion Laboratory, Pasadena, California, pp. 5-8,
January 23, 1995.

Anderson, G. P., A. Berk, P. K Acharya, M. W. Mathew, L. S. Bernstein, J. H. Chetwynd, H. Dothe,

S. M. Adler-Golden, A. Ratkowski, G. W. Felde, J. A. Gardner, M. L. Hoke, S. C. Richtsmeir, B. Pukall,
J. Mello, and L. S. Jeong, “MODTRAN4: Radiative transfer modeling for remote sensing,” in
Proceedings SPIE, Algorithms for Multispectral, Hyperspectral, and Ultraspectral Imagery VI, Vol.
4049, S. S. Shen and M. R. Descour, eds., pp. 176183, 2000.

Berk, A., L. S. Bernstein, and D. C. Robertson, MODTRAN. A Moderate Resolution Model for
LOWTRAN 7, Final report, GL-TR-0122, AFGL, Hanscomb AFB, Massachusetts, 42 pp., 1989.

Bruegge, C. J., J. E. Conel, R. O. Green, J. S. Margolis, R. G. Holm et. al., “Water vapor column
abundance retrievals during fire,” Journal of Geophysical Research Atmospheres, 97(D17) 1875918768,
1992.

Chrien, T. G., R. O. Green, and M. L. Eastwood, “Accuracy of the spectral and radiometric laboratory
calibration of the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS),” SPIE Vol. 1298, Imaging
spectroscopy of the terrestrial environment, G. Vane, ed., pp. 37-49, 1990.

Chrien, T. G., R. O. Green, C. Chovit, M. Eastwood, J. Faust, P. Hajek, H. Johnson, H. I. Novack, and
C. Sarture, “New Calibration Techniques for the Airborne Visible/Infrared Imaging Spectrometer
(AVIRIS), 1995,” Proc. Fifth Annual Airborne Earth Science Workshop, JPL Pub. 95-1, Jet Propulsion
Laboratory, Pasadena, California, pp. 33—34, 1995.

Chrien, T. G., R. O. Green, C. J. Chovit, M. L. Eastwood, and C. M. Sarture, “Calibration of the Airborne
Visible/Infrared Imaging Spectrometer in the Laboratory,” Proc. Sixth Annual Airborne Earth Science
Workshop, JPL Pub. 96-4, Vol. 1, Jet Propulsion Laboratory, Pasadena, California, pp. 39-48, March 3-5,
1996.

Chrien, T. G., R. O. Green, B. Pavri, and J. Wall, “Calibration Validation of the AVIRIS Portable
Radiance Standard,” Proc. Ninth Airborne Earth Science Workshop, JPL Pub. 00-18, Jet Propulsion
Laboratory, Pasadena, California, pp. 101-110, 2000.

Conel, J. E., R. O. Green, R. E. Alley, C. J. Bruegge, V. Carrere, J. S. Margolis, G. Vane, T. G. Chrien, P.
N. Slater, S. F. Biggar, P. M. Teillet, R. D. Jackson and M. S. Moran, “In-Flight Radiometric Calibration
of the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS),” SPIE Vol. 924, Recent advances in
sensors, radiometry and data processing for remote sensing, pp. 197-214, 1988.

Green, R. O, J. E. Conel, V. Carrere, C. J. Bruegge, J. S. Margolis, M. Rast, and G. Hoover, “In-flight
Validation and Calibration of the Spectral and Radiometric Characteristics of the Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS),” SPIE Vol. 1298, Imaging spectroscopy of the
terrestrial environment, G. Vane, ed., pp. 18-36, 1990.

Green, R. O., S. A. Larson, I. Novack, “Calibration of AVIRIS Digitized Data,” Proceedings of the Third
AVIRIS Workshop, JPL-Pub 91-28, Jet Propulsion Laboratory, Pasadena, California, pp. 109-118, 1991.

Green, R. O., J. E. Conel, C. J. Bruegge, J. S. Margolis, V. Carrere, G. Vane, and G. Hoover, “In-flight
Calibration of the Spectral and Radiometric Characteristics of AVIRIS in 1991,” Summaries of the Third



Annual JPL Airborne Geoscience Workshop, JPL Pub. 92-14, Vol. 1, Jet Propulsion Laboratory,
Pasadena, California, pp. 1-4, 1992.

Green, R. O., J. E. Conel, M. Helminger, J. van den Bosch, C. Chovit, and T. Chrien, “Inflight Calibration
of AVIRIS in 1992 and 1993,” Summaries of the Fourth Annual JPL Airborne Geoscience Workshop,
JPL Pub. 93-26, Vol. 1, Jet Propulsion Laboratory, Pasadena, California, pp. 69—72, Oct. 25, 1993.

Green, R. O., “Use of Data from the AVIRIS Onboard Calibrator,” Summaries of the Fourth Annual JPL
Airborne Geoscience Workshop, JPL Pub. 93-26, Vol. 1, Jet Propulsion Laboratory, Pasadena, California,
pp. 65-68, Oct. 25, 1993.

Green, R. O., J. E. Conel, M. Helmlinger, J. van den Bosch, P. Hajek, “In-Flight Radiometric Calibration
of AVRIS in 1994,” Proc. of the Fifth Annual JPL Airborne Earth Science Workshop, JPL Pub. 95-1, Jet
Propulsion Laboratory, Pasadena, California, pp. 83—86, Jan. 23-26, 1995.

Green, R. O., Conel, J. E., Margolis, C. Chovit, and J. Faust, “In-Flight Calibration and Validation of the
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS),” Proc. Sixth Annual Airborne Earth Science
Workshop, JPL Pub. 96-4, Vol. 1, Jet Propulsion Laboratory, Pasadena, California, pp. 115-126, March
3-5, 1996.

Green, R. O., M. L. Eastwood, C. M. Sarture, T. G. Chrien, M. Aronsson, B. J. Chippendale, J. A. Faust,
B. E. Pavri. C. J. Chovit, M. Solis, M. R. Olah, and Q. Williams, “Imaging spectroscopy and the Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS),” Remote Sens Environ 65: (3) 227-248, Sept. 1998a.

Green R. O., B. Pavri, J. Faust, O. Williams, and C. Chovit, “Inflight Validation of AVIRIS Calibration in
1996 and 1997,” Proc. Seventh Airborne Earth Science Workshop, JPL Pub. 97-21, Vol. 1, Jet Propulsion
Laboratory, Pasadena, California, pp. 193-205, 1998b.

Green, R. O., B. Pavri, J. Faust, C. Chovit, and O. Williams, “AVIRIS Radiometric Laboratory
Calibration In-Flight Validation and a Focused Sensitivity Analysis in 1998,” Proc. Eighth Airborne
Earth Science Workshop, JPL Pub. 99-17, Vol. 1, Jet Propulsion Laboratory, Pasadena, California, pp.
161-175, 1999.

Keeling, C. D and T. P. Whorf, Atmospheric CO2 concentrations (ppmv) derived from in-situ air samples
collected at Mauna Loa Observatory, Hawaii, Scripps Institution of Oceanography (SIO), University of
California, La Jolla, California, USA 92093-0244 http://cdiac.esd.ornl.gov/ftp/maunaloa-
co2/maunaloa.co2 (accessed Nov. 15, 2001).

Liou, K. N., An Introduction to Atmospheric Radiation, Academic Press, Inc., New York, pp. 392, 1980.

McPeters, R. D., EarthProbe/TOMS data set, NASA/GSFC TOMS Ozone Processing Team (OPT), Code
916, NASA Goddard Space Flight Center, Greenbelt, MD 20771,
ftp://toms.gsfc.nasa.gov/pub/eptoms/images/global/y2000/et000605.gif (accessed Nov. 15, 2001).

Reagan, J. A., K. Thome, B. Herman, and R. Gall, “Water Vapor Measurements in the 0.94 Micron
Absorption Band: Calibration, Measurements and Data Applications,” Proc. IGARSS, Ann Arbor,
Michigan, 18-21 May 1987.

Taylor, J. R., An Introduction to Error Analysis, Oxford University Press, p. 270, 1982.

ACKNOWLEDGMENT

The research described in this paper was carried out at the Jet Propulsion Laboratory, California Institute
of Technology, under a contract with the National Aeronautics and Space Administration.



